Abstract. The rapid advancements in mass spectrometry (MS) instrumentation, particularly in Fourier transform (FT) MS, have made the acquisition of highresolution and high-accuracy mass measurements routine. However, the software tools for the interpretation of high-resolution MS data are underdeveloped. Although several algorithms for the automatic processing of high-resolution MS data are available, there is still an urgent need for a user-friendly interface with functions that allow users to visualize and validate the computational output. Therefore, we have developed MASH Suite, a user-friendly and versatile software interface for processing high-resolution MS data. MASH Suite contains a wide range of features that allow users to easily navigate through data analysis, visualize complex high-resolution MS data, and manually validate automatically processed results. Furthermore, it provides easy, fast, and reliable interpretation of top-down, middle-down, and bottom-up MS data. MASH Suite is convenient, easily operated, and freely available. It can greatly facilitate the comprehensive interpretation and validation of high-resolution MS data with high accuracy and reliability.
Introduction
T he rapid advancements in mass spectrometry (MS) instrumentation, particularly in Fourier transform (FT) MS, have made the acquisition of high-resolution and highaccuracy mass measurements routine [1] [2] [3] [4] . The high-resolution mass measurements have enabled the analysis of increasingly complex mixtures for proteomics and metabolomics among others [1] . Due to the complexity of the spectra generated by high-resolution instruments, deconvolution and deisotoping methods have been developed to assist in peak detection by reducing the false positive rate and effectively handling overlapping peaks [2, [5] [6] [7] [8] [9] [10] [11] .
THRASH (Thorough High Resolution Analysis of Spectra by Horn) is the first and best known fully automated computer algorithm for the analysis of complex highresolution electrospray ionization (ESI)/FTMS data [5] . Unfortunately, the general use of THRASH was significantly limited because the main portion of the THRASH code was written in PV-WAVE command language (ver. 6.10, Visual Numerics, Houston, TX, USA) with the Odyssey VDA interface (Finnigan, Madison, WI, USA) [5] , which is not compatible with the modern computing environment. Therefore, Decon2LS and its successor DeconMS n were developed to incorporate the THRASH algorithm with the modern computing environment and improve the accuracy in determining the charge state and monoisotopic mass of precursor ions from high-resolution tandem mass spectromElectronic supplementary material The online version of this article (doi:10.1007/s13361-013-0789-4) contains supplementary material, which is available to authorized users. etry (MS/MS) data [6, 8] . In addition, there are several other algorithms for processing high-resolution MS data [2, 7, 9, 11, 12] . Nonetheless, there is an urgent need for developing a software package to process high-resolution MS data with a user-friendly interface that is compatible with the modern computing environment and can offer comprehensive visualization features for manual data validation.
Herein, our laboratory has developed MASH Suite, a user-friendly and versatile software interface, for interpretation and visualization of high-resolution MS data. MASH Suite is a multifaceted software package, which is designed to provide a host of functions for effective MS data processing, interpretation, visualization, and presentation. In addition, it allows for the interpretation of top-down, middle-down, and bottom-up high-resolution MS data and enables users to perform MS data pre-processing, processing, and post-processing in a single interface equipped with a variety of visualization features.
Methods
MASH Suite is written on the Microsoft .NET framework. The main scientific algorithms are written in C++, and the visual development was written with C#. The windows were coded using Qios Devsuite (http://www.qiosdevsuite.com), and the graphs and spectrum charts were coded using Microsoft Chart Controls. The algorithm used in MASH Suite is based on THRASH [5] and Decon2LS open source code [6] .
The graphical user interface of MASH Suite is designed using TDI (tabbed document interface), which compiles several experiment windows under a single parent window, allowing users to navigate through the processes of data analysis and presentation. These windows include Workflow and Parameters, Sequence Table, and Experiments. The software architecture pattern used for constructing MASH Suite is MVC (model-view-controller) and the data tables of MASH Suite were constructed by Listview and Datagrid structures, which contain independent toolbars and menus.
Results and Discussion

MASH Suite Overview
MASH Suite provides a versatile and user-friendly interface for high-resolution MS data analysis. It utilizes a THRASHbased algorithm for the accurate detection of peaks, determination of charge state, calculation of monoisotopic and most abundant masses, and matching of the experimental isotopic distributions with theoretical isotopomer abundance distribution profiles generated based on averagine [5, 10] . It is capable of processing and analyzing top-down MS as well as bottom-up and middle-down MS data. Moreover, it can quantify both MS and MS/MS data and facilitate the identification of protein post-translational modifications (PTMs). More importantly, MASH Suite has unique visualization features that not only allow the users to visualize complex high-resolution MS and MS/MS data but also offer presentation of the results and direct output of the figures for publication. Furthermore, it provides users with a high degree of control over customization of the interface.
Users can manage the layout of the interface by resizing and rearranging the windows. Each window can be pinned or minimized to the side or the bottom of the screen. Furthermore, MASH Suite allows users to adjust the data analysis criteria and manually validate the automatically processed results. Below is a brief description of the unique features and functions of the MASH Suite (for details please see the User Manual available in the electronic supplemental material).
Workflow and Parameters
We designed the workflow of MASH Suite according to the logical progression of MS data analysis, which begins with data processing and subsequently proceeds to analysis and presentation of the data (Figure 1a ). Workflow and Parameters (Figure 1b) is an integrated window that grants users access to all the functions provided by MASH Suite from a single location. The window presents an intuitive, chronological workflow that navigates users through data analysis and presentation steps. In addition, in the same window, users are able to define primary and advanced parameters for customized data processing and analysis.
Spectrum View and Mass List
MASH Suite can automatically process high-resolution MS raw data and generate theoretical isotopomer abundance distributions that match the experimental profiles. After users upload raw data generated by the instruments, a peak Figure 1a) composed of all the isotopomers is generated. These isotopomers are then deisotoped to generate a mass list (Supplemental Figure 1b) , which groups the isotopomers into isotopic clusters and generates a theoretical distribution profile calculated from averagine [5, 10] . A fit score is assigned to the isotopic clusters according to how well the experimental data fit the theoretical distribution. The clusters are included in the mass list only if the fit score is higher than the minimum fit score specified by the users in Parameters. Each theoretical distribution cluster contains the most abundant mass, monoisotopic mass, and a theoretical chemical formula. The information is displayed in the mass list and this list is subsequently used for further identification and characterization of the proteins, peptides, or fragment ions if a specific sequence is given.
In addition, MASH Suite provides users with a concrete graphical representation of their data through the Spectrum View window (Supplemental Figure 1c) . Selecting any isotopic peak clusters automatically displays the theoretical and experimental distribution profiles with color-coded peaks for better visualization. The Spectrum View window offers a number of unique features described in the following sections.
New Match Existing peak detecting algorithms sometimes fail to detect low-intensity peaks, which are otherwise detectable if the signal to noise (S/N) threshold is decreased. However, as a trade-off, the false positive rate will be significantly increased. MASH Suite solves this dilemma with the New Match function, which allows users to modify the S/N threshold to detect low-abundance peaks in certain m/z regions without producing false positives at other m/z regions of the spectrum (more details in the User Manual).
Dalton Shift MASH suites provides users with the Dalton Shift function to correct the theoretical distributions based on Figure 4 . A representative screenshot visualizing the processed high-resolution MS data of an intact protein, tropomyosin (32.7 kDa), purified from swine hearts. Left panel, data process menu and common parameters; right panel, an example of intact protein isotopomer peak fitting (top) and generated mass list with ion assignments (bottom). Circles represent theoretical isotopic abundance distribution of the isotopomer peaks. Blue circle represents monoisotopic mass peak. Green circle denotes the most abundant mass peak. Molecular weights were calculated based on DNA-prdicted sequence of Sus scrofa Tm (UnitprotKB/Swiss-Prot P42639, TPM1_PIG) with acetylation at the N-terminus (+42.01) and two amino acid polymorphisms, P38→Q (−28.04) and P64→L (16.03) [16] averagine by shifting the theoretical isotopic distribution incrementally to the left or right by a single Dalton. This can generate a better matching of the theoretical distribution clusters to the experimental data, and a better fit score to replace the original one (details in Figure 2 and Supplemental Figure 2 as well as the User Manual).
Mass Pair Search Identification and characterization of PTMs is a major part of proteomics research [9] , but manual identification of PTMs is time-consuming. Mass Pair Search function enables users to easily search for potential protein modifications when the mass difference between the modified and unmodified proteins is known, and thus provides a short list of mass pairs selected from the mass list for further characterization (Supplemental Figure 3) .
Quantitation MASH Suite's Quantitation feature calculates the relative abundance of peak clusters to reflect the amount of molecules present in the sample by summation of the peak heights of the most abundant isotopomers within the isotopic cluster, similarly as described previously [13] [14] [15] . Users can define the number of most abundant isotopomers to be considered in the quantitation (for details see the User Manual). In addition, MASH Suite can present the quantitation results as a table and/or a chart to provide users with more comprehensive interpretation (Figure 3) . Quantitation figures can then be directly exported and edited for use in publications.
Sequence Table
MASH Suite allows users to input the reference amino acid sequences in the Sequence Table window for further analysis of data. The monoisotopic mass of the proteins and its fragments will be calculated automatically and compared with the experimental masses in the mass list. Moreover, the Sequence Table window allows users to assign PTMs to the amino acid sequence to characterize the proteins of interest. Functions provided by the Sequence Table vary among different experimental modes and will be discussed in the following sections.
Interpretation and Visualization of Top-Down MS Data
Compared with the traditional bottom-up MS method, topdown MS is an emerging method that is better suited for the analysis of protein primary structure and PTMs [3, 4] . MASH Suite is equipped to handle MS and MS/MS data from top-down experiments. In full MS mode, the mono- Figure 5 . A representative screenshot visualizing the processed MS/MS data of tropomyosin purified from swine hearts. Left panel, process menu and common parameters; middle panel, fragment ion isotopomer peak fitting (top) and generated peak list with ion assignment (bottom) according to a given sequence; right panel: fragmentation map based on the validated mass list and ion assignments. Fragments were assigned based on DNA-predicted sequence of Sus scrofa Tm (UnitprotKB/Swiss-Prot P42639, TPM1_PIG) with acetylation at the N-terminus (+42.01) and two amino acid polymorphisms, P38→Q (−28.04) and P64→L (16.03) [16] isotopic mass of the peak cluster can be matched to the reference sequence that enables users to identify the proteins together with the covalently modified counterparts as well as non-covalent adducts (Figure 4) . In MS/MS mode, with fragmentation method (CAD or ECD) specified, a list of all theoretical fragments (including b/y or c/z . pairs) is computationally generated according to the reference sequence. Experimental mass values are then matched to those in the theoretically generated fragments list. The fragments are displayed in the Sequence Table with cleavage indicators for better visualization ( Figure 5 ). When PTMs are assigned, the theoretical fragment list will change accordingly and, subsequently, experimental data is re-matched.
Processing and Visualization of Middle-Down and Bottom-Up MS Data
In addition to top-down MS data, MASH Suite allows users to process and visualize middle-down and bottom-up MS spectra. Users can choose specific enzymes used in the experiment and generate theoretical masses for the peptides that result from the digestion to match the masses in the peak list accordingly. These peptides are highlighted in the Sequence Table window if they can be matched to the protein sequence with the specific enzymatic digestion selected. When multiple experiments with one or more enzyme(s) are added, MASH Suite allows users to compile their data into the same Sequence Table window, effectively showing the partial or total coverage of the sequence ( Figure 6 ). Details describing these functions can be found in the User Manual.
Conclusions and Future Directions
In summary, MASH Suite provides a versatile and userfriendly interface for high-resolution MS data analysis, including top-down MS, bottom-up MS, and middle-down MS data. It grants users access to a suite of tools for the characterization of proteins, provided that sequence data is available. More importantly, MASH Suite creates and maintains a user-friendly environment through customization of the interface layout and a series of visualization properties, which greatly facilitates the analysis of complex high-resolution MS and MS/MS data. Future work includes Figure 6 . A screenshot of a middle-down (Glu-C digest) MS data interpretation and visualization. The Spectrum View window displays the isotopic distribution of a selected peak, and the Sequence Table shows the enzyme digest fragments that have been matched to the experimental data by highlighting the matched fragments in one color (purple), and the selected fragment showing in Spectrum View for visualization and validation in another color (yellow). Peptides were assigned to the DNA-predicted sequence of recombinant cardiac myosin binding protein C (cMyBP-C) C0-C4 with an N-terminal acetylation [3] coupling the MASH Suite with currently available database searching software packages for the identification and characterization of unknown proteins in complex mixtures.
